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Introduction
79
Plant cell elongation is a developmental process during which cells increase 10-to 80 100-fold in volume before reaching their final size. It requires a fast and continuous inflow of 81 water, which ends up mainly in the vacuole, in a process which is controlled by gradients in 82 water potential, which itself is generated by the accumulation of solutes (for review, see 83 (Fricke and Chaumont, 2007) ). 84 The fast and passive movement of water across cell membranes is facilitated by the 85 presence of water channels, called aquaporins (AQPs), which belong to the superfamily of the
86
Major Intrinsic Proteins (MIPs) (Agre et al., 1993; Maurel, 1997; Gomes et al., 2009) . AQPs 87 are involved, on the one hand, in the long-distance movement of water during evapo-88 transpiration and, on the other hand, in the short-distance transport and osmotic adjustment 89 within cells (expansion, opening of stomata, water homeostasis) (Maurel et al., 2008; Gomes 90 et al., 2009; Heinen et al., 2009; Chaumont and Tyerman, 2014 (Liu et al., 2003; Uehlein et al., 2003; Jahn et al., 2004; Bienert et al., 2007; Bienert et al., 95 2008; Bienert et al., 2011; Bienert et al., 2014) .
96
The genome of Arabidopsis thaliana encodes 35 MIPs that phylogenetically cluster in (Johanson et al., 2001) . Arabidopsis AtTIPs (10 isoforms) and AtPIPs (13 isoforms) are 100 mostly found in the vacuolar and plasma membrane, respectively, and act as water channels 101 when heterologously expressed in Xenopus oocytes (Maurel et al., 1993; Daniels et al., 1994;  102 Kammerloher et al., 1994; Maurel et al., 1995; Daniels et al., 1996; Weig et al., 1997;  103 Johanson et al., 2001 ). The TIP protein sequences are more divergent compared to PIPs and 104 phylogenetically divided into five groups (TIP1-5). TIP1 and TIP2 isoforms are largely 105 expressed in vegetative tissues and are thought to be preferentially associated with the large 106 lytic vacuoles and vacuoles accumulating vegetative storage proteins, respectively (Jauh et al., 107 1998). TIP3s are expressed in seeds (Vander Willigen et al., 2006; Hunter et al., 2007;  108 Frigerio et al., 2008) and TIP5;1 is exclusively expressed in dry seeds and pollen grains 109 (Vander Willigen et al., 2006; Soto et al., 2008; Wudick et al., 2014) . under the transcriptional control of the AtTIP1;1 promoter show high GUS activity in root and 113 stem elongating tissues, but no expression is detected in meristems or older parts of plants 114 (Ludevid et al., 1992) . The maize ZmTIP1;1 homologue is highly expressed in expanding 115 cells in roots, leaves and reproductive organs (Barrieu et al., 1998; Chaumont et al., 1998 ). An 116 increased expression of TIPs is also observed in elongating tissues of hypocotyls in soybean, 117 castor bean and radish seedlings (Higuchi et al., 1998; Suga et al., 2001; Eisenbarth and Weig, 118 2005) and in protruding seed radicles in canola (Gao et al., 1999) . Furthermore, the 119 abundance of HvTIP1;1 mRNA increases in the barley slender mutant, which exhibits a faster 120 leaf elongation rate compared to the wild-type (Schunmann and Ougham, 1996) . However,
121
even if the expression pattern of these TIP genes suggests an important role in cell elongation, 122 direct proof of this physiological function during plant development is still missing. Some 123 clues come from the overexpression of the cauliflower or tobacco TIP1;1 gene in tobacco 124 suspension cells, which results in an increase in cell growth and size (Reisen et al., 2003; 125 Okubo- Kurihara et al., 2009) .
126
Roots represent a very useful model to investigate cell elongation and growth 127 processes (De Smet et al., 2012; Petricka et al., 2012) . The primary root meristem, located at 128 the organ apex, continuously produces cells that elongate after they leave the apical meristem 129 and, hence, push the meristem forward. The primary root of many dicotyledonous plants 130 repeatedly branches to generate several orders of lateral roots. In Arabidopsis, lateral roots 131 exclusively originate from three files of pericycle founder cells overlaying the xylem poles 132 (Dolan et al., 1993) . Xylem-pole pericycle cells are first 'primed' to become lateral root emergence is controlled by auxin, which acts as a local inductive signal that also triggers cell 142 separation in the overlaying tissues (Swarup et al., 2008) .
7
The involvement of PIP AQPs in proper lateral root emergence (LRE) was recently 144 demonstrated in Arabidopsis into the overlaying tissues mutant lines, the homozygosity of the insertions was confirmed by PCR using gene-, T-DNA-168 or transposon-specific primers (Table S1 ). The T-DNA and dSpm insertions in single tip1;1, 169 tip1;2 and tip2;1 mutants are illustrated in Supplemental Fig. 1A , B and C, respectively. The 170 tip1;2 x tip2;1 double mutant was obtained by crossing the two single insertion lines 171 (Supplemental Fig. 1B and C) . The tip1;1 x tip1;2 x tip2;1 triple was obtained by crossing 172 independent tip single mutants (Supplemental Fig. 1D ) which contain insertion at different 173 positions in the AtTIP genes compared to the single tip mutant lines used in this study (as 174 shown in Supplemental Fig. 1A , B, and C) (Schussler et al., 2008) . RT-PCR confirmed the 175 absence of the corresponding RNA in the single, double and triple tip mutant lines 176 (Supplemental Fig. 1 ).
177
The tip mutant lines did not exhibit any striking phenotypes when grown under 178 standard conditions (data not shown). To investigate whether this observation was due to 179 compensatory up-regulation of other AtTIP genes, we analysed the mRNA levels of all the
180
AtTIP isoforms in roots and shoots of 12 day-old wild-type and tip mutant seedlings by 181 RT-qPCR using isoform-specific primers (Table S1 ). In both roots and leaves, the transcript 182 levels of the AtTIP genes carrying T-DNA or transposon insertion were down-regulated by at 183 least ~64-fold compared to the wild-type (Fig. 1) . The AtTIP expression profile of the 184 detected isoforms in the wild-type corresponded to those shown in the literature 185 (Alexandersson et al., 2005; Schussler et al., 2008) . In roots, no significant upregulation of the 186 root expressed genes (AtTIP1; 1, AtTIP1; 2, AtTIP2; 1, AtTIP2; 2, AtTIP2; 3 and AtTIP4; 1) previously reported for tip1;1 (Schussler et al., 2008; Beebo et al., 2009) mutants was observed compared to wild-type plants at 7 days after germination (dag) (Fig. 2) .
205
However, the tip1;1 single mutant exhibited a small but significant increase in root length 206 compared to the wild-type at early seedling stage (up to 6 dag).
207
Since cell elongation is driven by high and constant cell turgor, which is obtained by 208 high osmotic concentration of the vacuolar sap, changes in turgor pressure mediated by an 209 osmotic stress alter elongation processes (Fricke and Peters, 2002) . Therefore, we investigated 210 root elongation of tip mutants under osmotic stress conditions. At 7 dag, the seedlings from The tip triple mutant exhibits significantly less lateral roots 228 Since the triple tip mutant line had shorter roots at 11 dag under control conditions, we 229 selected this line for a closer investigation of its root phenotype. Arabidopsis wild-type and 230 tip1;1 x 1;2 x 2;1 mutant plants were grown on vertical plates containing ½ MS medium 231 supplemented with 1.5 % sucrose. Twelve days after germination, the length of the main roots 232 was measured, and the lateral roots were counted (Fig. 3) . The triple tip mutant exhibited 233 slightly shorter roots ( Fig. 3A and B, about 10 % reduction) confirming our previous 234 observations (Fig. 2B) . Interestingly, the triple mutant exhibited a 50 % reduction in the 235 number of lateral roots compared to wild-type ( Fig. 3A and C) . The length of all lateral roots 236 was measured for 50 plants from each genetic background, by drawing a straight line between 237 the tip and the base of individual lateral roots. Whereas the number of lateral roots with a 238 length higher than 3.0 mm was fairly similar between wild-type and the triple tip mutant lines, 239 the latter exhibited a reduced number of newly emerged (short) lateral roots (Fig. 3D ),
240
suggesting a defect during early stages of lateral root development. The reduced number of 241 lateral roots in the triple tip mutant was observed on sucrose containing medium, which was 242 previously shown to promote outgrowth of initialised LRPs (Macgregor et al., 2008) . To determine the contribution of the AtTIP genes during early stages of LRP 247 development, we induced lateral root initiation employing a 90° gravitropic stimulus, which is 248 commonly used to synchronize LR initiation and investigate its developmental progression 249 (Fig. 4) (Ditengou et al., 2008; Lucas et al., 2008; Richter et al., 2009; Peret et al., 2012) .
250
Since sucrose contained in the culture medium can promote LRP development ( with the decrease in AtTIP1;1 and AtTIP1;2 mRNA levels measured during LRP development 298 . In addition, while the AtTIP1;2-GFP signal decreased in the cortex cells 299 facing the LRPs during late developmental stages, it increased in the lateral root inner basal 300 tissues and in the stele ( Fig. 5O-P ).
301
As no data was available for AtTIP2;1 mRNA levels during LRP development, we 302 used RT-qPCR to analyse the expression of AtTIP2;1 in micro-dissected root bends in 303 response to a gravitropic stimulus (Fig. 6 ). The level of AtTIP2;1 mRNA increased 1.7 fold at 304 6 h pgi compared to time 0, and then dramatically decreased at 12 h pgi (Fig. 6A ). This 305 expression pattern differs from the one reported for AtTIP1;1, AtTIP1;2, AtTIP2;2 and 306 AtTIP2;3 but is similar to the expression of AtPIP2;4 and AtPIP2;1 .
307
To gain further insight on the expression pattern of AtTIP2;1 and given that AtTIP2;1- (Fig. 9) . Both, the non-fluorescent and the GFP-tagged AtTIP2;1 expressed under the 359 native promoter completely restored the WT-like LRP development of the triple tip mutant.
360
Altogether, these data suggest that a fine tuning of the spatio-temporal distribution (and 361 activity) of AtTIP2;1 is needed to promote LRP development and that ectopic expression of 362 any AtTIP does not rescue or even negatively impacts this developmental process. In this study we show that TIP AQPs are essential for the proper development of 368 LRPs. As TIPs are known to be efficient water channels (Maurel et al., 1993; Maurel et al., 369 1995; Daniels et al., 1996; Gerbeau et al., 1999) , their presence in the tonoplast is expected to 370 allow rapid water exchange between the vacuole and the cytoplasm, an important process 371 during cell expansion, which is driven by the turgor pressure. Since the development of LRPs 372 is a rapid process with a time scale of hours and requires a complex set of cell divisions and 373 expansions, a tight control of TIP abundance and activity in the tonoplast of the different LRP 374 cells is probably important for this developmental process.
375
In a recent study, Peret et al. (2012) showed a similar action of plasma membrane regulation is expected to be affected.
387
The plant hormone auxin is a key regulator of lateral root development (Peret et al., 388 2009). Xylem pole pericycle cells form LRPs after local auxin levels are elevated, triggering a 389 series of asymmetric cell divisions (De Smet et al., 2007; Dubrovsky et al., 2008) . Auxin also 390 promotes the LRP emergence by triggering the expression of cell-wall remodelling genes in 391 the overlaying tissues (Laskowski et al., 2006; Swarup et al., 2008; Kumpf et al., 2013; Lucas 392 et al., 2013) . The local distribution pattern of auxin is created by specialised efflux and influx 393 transport proteins, which cause the accumulation of auxin at the apex and in the overlaying 394 tissues of the LRP (Swarup et al., 2008) . LRP emergence and the concomitant physical 395 modification of the overlaying tissues must be tightly co-regulated. Peret et al. (2012) suggesting that AtTIP2;1 has a specific role during this process. However the RT-qPCR 404 experiments reported in this study and in Peret et al. (2012) were performed from total root 405 sections, which prevented to conclude about the exact location of AQP expression. Therefore, Single mutants for tip1;1 and tip1;2 as well as the tip1;1 x tip1;2 double mutant were 452 previously carefully analysed and no phenotype was observed with respect to macroscopic 453 appearance and water balance (Schussler et al., 2008; Beebo et al., 2009 ). In addition, tip1;1 454 mutant did not show any compensatory effect by an up-regulation of the expression of other
455
AtTIP genes (Schussler et al., 2008; Beebo et al., 2009) , which is in agreement with the 456 present study. Under our growth conditions, we only observed a significant up-regulation of AtTIP1;1, AtTIP1;2 and AtTIP2;1 isoforms in this process. Since the tonoplast was shown to 462 be about 10 times more permeable to water than the plasma membrane 463 Niemietz and Tyerman, 1997), probably due to the high amount of TIPs in the tonoplast, it 464 remains to be determined why no more drastic phenotype was observed in the triple tip rates upon osmotic changes as described (Morillon and Lassalles, 1999) .
470
Similarly to what was observed for the main roots, AtTIP1;1, AtTIP1;2 and AtTIP2;1 471 did not seem to play a major role during hypocotyl growth (Gendreau et al., 1997; Raz and 472 Koornneef, 2001). On the tissue level, the process of hypocotyl growth is very similar to root 473 elongation: various layers of cells elongate homogeneously in a single-dimensional manner.
474
The hypocotyls gain about 10 mm in length during 4 days in the dark, which is comparable to 475 that of the root. After 4 days under standard growth conditions, no difference of various tip 476 mutant lines compared to the wild-type was detected, except for the tip1;1 mutant, which 477 exhibited slightly longer roots. These data were quite unexpected as the expression pattern of
478
AtTIP genes in Arabidopsis and other plant species suggested an important functional role of 479 these proteins in the main root and hypocotyl growths. The promoter of Arabidopsis AtTIP1;1 480 was shown to be active in the hypocotyl and root elongation zone (Ludevid et al., 1992) . growth conditions. Interestingly, we observed that increasing the medium osmolarity by 488 adding 400 mM mannitol resulted in a decrease of the main root length of the tip mutants 489 compared to wild-type plants (Fig. 3) . In these conditions, higher tonoplast water permeability 490 would be required for the equilibrium of the cell water status during the cell growth process.
492
Materials and Methods
493
Plant material and growth conditions 494
The Arabidopsis tip1;1 mutant is a T-DNA insertion mutant from the Salk Institute experiments showed that AtTIP1;2 and AtTIP2;1 mRNA levels were reduced to less than 3% 502 in tip1;2 and tip2;1 mutant, respectively, compared to the level in wild-type plants (data not 503 shown). In order to obtain a tip1;2 x tip2;1 double mutant line, the F2 progeny of a cross 504 between the two mutant lines was PCR-screened to identify plants with a recombinant 505 chromosome bearing the two mutations using the AtTIP-specific primers TIP12F-652 and 506 TIP12UTR3R371 or TIP21F-683 and TIP21UTR3R371 for AtTIP1;2 or AtTIP2;1, 507 respectively, along with the transposon-specific primer dSpm1 to amplify wild-type and 508 mutant alleles (Supplemental Table 1 ). A plant homozygous for the tip2;1 mutation and 509 heterozygous for the tip1;2 mutation was identified and then allowed to self-pollinate. Plants 510 homozygous for both mutations were identified in the offspring by PCR. Reduction in AtTIP 511 mRNA levels was checked by RT-qPCR in the next generation (data not shown).
512
The tip1;1 x tip1;2 x tip2;1 triple mutant was generated by crossing homozygote 513 tip1;1 x tip1;2 and tip1;1 x tip2;1 double mutants, which were generated from the insertion 514 line SM_3_32402 (tip1;1) and GABI_880H12 (tip1;2) (Schussler et al., 2008) , and Table 1 ).
522
The Arabidopsis line expressing AtTIP2;1 fused to yellow fluorescent protein (YFP) 523 under the control of the endogenous AtTIP2;1 promoter (~1,2 kb) was described in (Gattolin RNA was transcribed into cDNA with oligo(dT) primers for 1 h at 42°C with M-MuLV
560
Reverse Transcriptase (Promega, Madison, USA) followed by 5 min at 85°C in a thermo 561 cycler as described previously (Hachez et al., 2006 
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Gene Primer name Primer sequence
gAtTIP1;2 attB1-S1
5'-GGGGACAAGTTTGTACAAAAAAGCAGCAGGCT TCTTCAGTCGCTGTGTCCA-3' attB2-S1
5'-GGGGACAAGTTTGTACAAAAAAGCTGGGTACC AGTAATCGGTGGTAGGCAAT-3' 
